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Abstract

The use of silicone rubber as an implant is limited due to its weak properties. In this study, the
impact of various reinforcements, such as TiO; or SiOz nanoparticles, carbon, or polypropylene
fiber micro reinforcements, on the mechanical, thermal, and viscoelastic properties of silicone
rubber composites with RTV-4125 matrix was investigated. The composites were evaluated
through several tests, including tensile, compression, FTIR, TGA, DMTA, and water adsorption
tests. It was found that the composites' tensile strength and compressive stress were
increased by adding reinforcements, with the most significant impact on tensile strength
observed for SiO; and the most notable effect on compressive stress at a strain of 0.5 observed
for polypropylene fiber. Moreover, the water absorption of the matrix was increased with the
addition of reinforcements, with the highest increase observed for Titania nanoparticles. TGA
analysis showed that all composites had higher thermal stability than the plain matrix, with
the highest degradation temperature observed for the SR-C fiber composite and the highest
degradation rate observed for SR-TiO,. Additionally, DMTA analysis revealed that TiO:
nanoparticles considerably decreased the glass transition temperature of the matrix (%28.5),
while the other reinforcements had a negligible effect on this temperature. The introduction
of reinforcements had a positive impact on the mechanical, thermal, and viscoelastic
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properties of silicone rubber composites, and the findings of this study can contribute to the
development of new and improved silicone rubber composites for implant applications.

Keywords
Nanoparticles; micro-reinforcement; mechanical properties; thermal; viscoelastic; silicone
rubber

1. Introduction

Silicone rubbers are widely used across various fields due to their excellent physical, mechanical,
and chemical properties, including low glass transition temperatures, a wide application
temperature range, and resistance to ozone and ultraviolet radiation [1]. In the medical industry,
silicone rubber has innumerable applications, such as manufacturing medical implants, including
finger implants and intervertebral discs for the neck. Additionally, silicone rubber is used in
autoclaves to sterilize laboratory tools and equipment [2]. However, silicone rubber's mechanical
properties and thermal stability are weaker than other polymers. Therefore, various nano- and
micro-reinforcements, such as nanotubes, iron oxides, Nano SiO; and TiO; particles, and mineral
fillers, improve these properties [3].

Considerable efforts have been made to enhance the properties of silicone rubber through
various methods. Adding carbon fibers and polypropylene has been considered highly effective,
markedly improving silicone rubber's thermal and mechanical properties [4-7]. One of the
significant advantages of silicone rubber is its enhanced thermal stability, attributed to the high
chemical bond strength of the O-Si-O bond forming the backbone of this polymer [8]. Moreover,
the proper dispersion of reinforcement particles with varying sizes in the matrix and the presence
of robust covalent bonds in the polymer structure are crucial factors in improving the thermal and
mechanical properties of the system [8].

Nanoparticles of SiO;, when appropriately dispersed in the PFA matrix, along with the reaction
between organic and inorganic substances in the material, have been reported to impede the
movement of polymer chains during relaxation, thereby increasing the thermal stability of the
system [9]. Furthermore, the addition of carbon fibers has been discovered to augment the
mechanical strength of silicone rubber, preventing the destruction of silicone rubber chains and,
consequently, improving its thermal stability [10].

Recently, the effect of CeO, and graphene on the thermal stability of silicone rubber was
investigated by Ruigie Han et al. [11]. They observed that the uniform distribution of nanoparticles
in the matrix is a crucial factor in determining the properties of the composite. When CeO; with
appropriate distribution is employed, Ce** from CeO2 under thermal oxidation changes to Ce3*,
facilitating the free radical scavenging process, preventing the chemical bond breakage of the side
group silicone rubber bonds, and improving thermal properties.

The mechanical behavior of matrices has been widely investigated about the influence of
nanoparticles. In this regard, TiO2 particles were analyzed for their effect on the epoxy resin in a
study conducted by Vazan et al. [12], which reported an increase in the strength of the material.
The effective surface area of mineral fillers has improved through surface modification, leading to a
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stronger connection between the reinforcements and the matrix, limiting the movement of polymer
chains, and improving thermal and mechanical properties [13]. The strength of silicone rubber was
enhanced by modifying the surface of Nano graphene and incorporating it into silicone rubber, as
demonstrated by Kumar et al. [14]. In addition, the thermal stability of silicone rubber was observed
to increase more effectively with the addition of modified clay than with carbon fiber due to the
creation of Si-C bonds, which possess higher strength than C-C bonds [15]. Moreover, the
simultaneous addition of iron oxides and carbon nanotubes affected the crystalline structure of y-
Fe>03, an unstable spinel iron oxide, and improved the thermal stability of silicone rubber through
CNTs [16]. Proper dispersion and addition of Nano-ribbon graphene significantly affected the
mechanical properties and thermal stability of silicone rubber, as reported by Lu Gun et al. [17].

Significant improvements in the mechanical properties of silicone rubber can be achieved by
incorporating various additives. Covalent bonds can be formed with the matrix by including SiO;
nanoparticles, increasing tensile strength and elongation [18]. Similarly, the crosslinking density of
silicone rubber can be increased by incorporating palm fibers, resulting in improved strength,
elongation, and viscoelastic properties [19]. TiO2 nanoparticles have also been shown to enhance
the mechanical properties and elongation of PLA/SR composites by restricting the movement of
polymer chains [20]. Furthermore, water absorption in silicone rubber with different fillers can vary
due to differences in the filling of cavities and pores by nanoparticles [21].

Despite extensive research in this area, a comprehensive understanding of the impact of various
additives on the properties of different silicone rubbers is still lacking. Therefore, it is essential to
gather more information on how different reinforcements affect the behavior and properties of
silicone rubber, particularly for various applications. This study investigates the impact of titanium
oxide nanoparticles, silicon oxide nanoparticles, carbon, and polypropylene fibers on silicone rubber
properties to determine their suitability for cervical intervertebral discs.

2. Materials and Methods
2.1 Materials

The materials used in this research included silicone rubber (RTV-4125), SiO; and TiO;
nanoparticles, Carbon (CF), and Polypropylene (PPF) fibers. Table 1 presents the specific details and
specifications of each material. The materials were selected based on their properties and suitability
for the intended application.

Table 1 Specifications of Materials.

Specifications Density Diameter Purity The average
Material (g/cm3)  (nm) (%) length (mm)

Silicone rubber 1.19 - - -
TiO, 4.23 25(hm)  99.9 -
SiOz 2.1 15 (hm) 99.9 -
CF 1.9 20 (um)  99.9 5
PPF 0.9 9 (um) 99.9 5
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2.2 Preparation of Silicone Rubber Composites

Silicone rubber nanocomposites were fabricated by dispersing nanoparticles in 2% acetone by
weight. The nanoparticles were then added to silicone rubber and dispersed within the silicone
rubber by a mechanical stirrer for 10 minutes. After the acetone was evaporated, the resulting
samples were vacuumed to remove any remaining bubbles and then baked at 120°C.

To create silicone rubber fiber composites, 2 volume percent of fibers were added to silicone
rubber and dispersed with a mechanical stirrer for 10 minutes. The mixture was then vacuumed to
remove bubbles and baked at 120°C. Table 2 presents the sample abbreviations used in this research.

Table 2 samples abbreviation.

abbreviation Sample

SR Pure silicone rubber
SR-TiO, silicone rubber-2%wt TiO>
SR-SiO; silicone rubber-2%wt SiO;
SR-C silicone rubber-2%val CF
SR-PP silicone rubber-2%val PPF

2.3 Morphology

The distribution of reinforcements in the matrix was investigated by examining the surface of the
samples using electron microscopy (SEM) and light microscopy (OM). Before SEM examination, a
thin layer of gold was coated on the surface of all specimens (Table 1). The samples were placed
under an electron microscope, and the surface morphology was analyzed. The SEM and OM images
revealed the matrix's reinforcement distribution.

2.4 Water Absorption

The measurement of water absorption by silicone rubber and its composites followed the ASTM-
D570 standard. Samples with specific diameters and thicknesses were cast using pre-made molds.
The surface of the samples was then thoroughly cleaned with a clean cloth before being placed in
an oven at 120°C for 20 minutes. The samples were subsequently placed in a desiccator until they
reached ambient temperature. They were then weighed using a digital scale with an accuracy of
0.001 g. Each sample was floated in deionized water for a week, and every 24 hours, it was removed
from the water, dried with a clean cloth, and weighed with the same accuracy. The percentage of
water absorption of each sample was then calculated using Equation 1, where Wt is the final weight
and Wi is the initial weight of the sample.

Water absorption = ((Wr — W;)/W;) x 100 (1)
2.5 Tensile Test

To determine the tensile properties, according to the ASTM D-412 standard, dumbbell-shaped
samples were prepared by employing special molds and subjected to a tensile test at room
temperature by a Centam machine with a capacity of 1000 kg and a constant speed of 500 mm/min.
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2.6 Compression Test

Compression tests were performed according to the ASTM-D575 standard, and cylindrical
samples were prepared and subjected to a compression test by a Centam machine at 12 mm/min.

2.7 FTIR Analysis

To analyze the molecular structure and functional groups in silicone rubber and to investigate
the effects of reinforcement additives on these functional groups, infrared spectroscopy on 3 mm
thick samples was used. A Bruker-German Tensor |l device performed these tests in the range of
400 cm™ to 4000 cm™.

2.8 Dynamic Mechanical Test

Dynamic mechanical analysis was carried out on plain silicone rubber and silicone rubber
composite samples according to the ASTM-D5992 standard to study their viscoelastic behavior. The
analysis yielded the elastic modulus (or storage modulus), the viscous modulus (or loss modulus),
the damping coefficient, and the glassy temperature, which were determined using the DMA-Trition
device manufactured in Germany. The analysis was performed over a temperature range of -150 to
+150°C with a heating rate of 5°C/min. The samples used in the analysis were 10 um thick, 3 cm
long, and 1 cm wide.

2.9 TGA Test

A TGA thermal stability analysis was accomplished to investigate the thermal stability of the
silicone rubber and the composites. This test was performed under an argon atmosphere by Q600
SDT-TA Instruments. Samples were weighed using Thermo Balance scales in the 5 to 6 mg range,
and an alumina crucible was used for heating. In these tests, a heating speed of 10°C/min and a
temperature range of 25 to 700°C were selected.

3. Results and Discussions
3.1 FTIR Test

Figure 1 shows the results of the FTIR tests.
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Figure 1 Results of FTIR analysis of silicone rubber and its composites.

Fourier transform infrared (FTIR) spectroscopy was employed to analyze the absorption peaks of
the plane sample and composite samples containing various additives to identify any possible
changes. The FTIR spectra of the composite samples exhibited modifications to the peaks observed
in the plane sample. The 2850 to 2970 cm™ peaks were linked to the tensile vibration of the C-H
bond [22]. The peak at 1409 cm™ to 1413 cm™ was associated with the asymmetric tensile vibration
of C-H [23]. The Siloxane group was represented by the 460 cm™ to 465 cm™ peaks at 1009 cm™,
signifying the Si-O-Si bond [24]. The peak at 785 cm™ was associated with the Si(CHs), bond, whereas
the peaks in the 1258 cm™ to 1270 cm™ range were linked to this bond with lower absorption
intensity [25]. The 695 cm™ to 700 cm™ peak was attributed to the Si (CHs)s bond.

An increase in adsorption intensity was observed in the peaks at 460, 463, and 1009 cm™ in SR
samples with added SiO, compared to other additives. The observed increase was attributed to
covalent bond formation between silica and silicone rubber facilitated by their similar constituent
elements of silicon [24]. A peak at 1541 cm™ was observed in both SR/PP and SR/TiO, samples,
which was attributed to the forming of an N-H bond by TiO; in the presence of UV radiation [26, 27].
Similarly, polypropylene fibers peaked in the range of 1541 cm™ to 1562 cm™ related to the N-H
bond. Furthermore, small peaks in the range of 2850 cm™ to 2920 cm%, related to the C-H bond,
were observed and more visible in the SR/PP sample when compared to the other samples. These
peaks were removed in the SR/C and SR samples [22, 23]. The findings suggest that SiO», PP fibers,
and TiO; can significantly affect the adsorption intensity of silicone rubber, which may have
important implications for various industrial applications. Further research is necessary to
understand the full potential of these additives.

The changes observed in the FTIR spectra of the composite samples can be attributed to the
interaction between the silicone rubber matrix and the additives. It is known that these changes can
affect the mechanical and physical properties of composite materials. Therefore, it is essential to
investigate the influence of various additives on the properties of silicone rubber for different
applications.
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3.2 Morphology

Plain silicone rubber exhibited a transparent color. However, adding nanoparticles to the matrix
reduced the silicone rubber's transparency and discoloration. Microstructure analysis, as illustrated
in Figure 2 and Figure 3, indicates that the nanoparticles were distributed uniformly throughout the
matrix. Nonetheless, micro-aggregates of nanoparticles and voids were also observed, forming
when the nanoparticles dispersed and emerged from the surface of the silicone rubber during
specimen preparation. SiO, nanoparticles, more minor than TiO, nanoparticles, demonstrate a
higher propensity for particle accumulation, resulting in denser particle distribution and shorter
interparticle spacing. Optical microscope images, as shown in Figure 4 and Figure 5, confirm that
carbon and polypropylene fibers exhibited good dispersion and adhesion.

Figure 3 Morphology and microstructure of SR-SiO, Nano Composite.
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Figure 4 Morphology and microstructure of SR-C Composite.

Figure 5 Morphology and microstructure of SR-PP Composite.

3.3 Water Absorption

The percentage of water absorbed by the samples was measured daily for seven days after being
placed in distilled water at a temperature of 30°C. The addition of nanoparticles and fibers led to a
significant reduction in the amount of water absorption until it reached a constant value, as shown
in Figure 6. It was observed that the hydrophobicity of silicone rubber decreased due to the
hydrogen atoms in the methyl group located on the surface [28], which reduced the residual energy
on the surface of silicone rubber.
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Figure 6 Water absorption of the samples during one-week immersion in distilled water.

Water absorption in materials is influenced by factors such as the presence of voids and
porosities that are formed during fabrication. A material's porosity can be reduced by adding
reinforcements, including nanoparticles and fibers. The theoretical and practical density
measurements and the amount of porosity obtained indicate that the type and size of the
reinforcement affect porosity reduction. Polypropylene was the most effective reinforcement in
reducing porosity, while TiO; had a lower impact than other additives. The results of the water
absorption test support these findings. Furthermore, the infrared spectrum analysis of all samples
did not reveal the presence of the O-H group, which is known to aid in water absorption (see Figure
7 and Figure 8 for details on theoretical and practical density and porosity measurements).
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Figure 7 The amount of theoretical and measured density of the samples.
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Figure 8 The amount of measured porosity of the samples.

TiO2 nanoparticles are known to be hydrophilic, resulting in increased water absorption when
introduced to a matrix [29]. Polypropylene fibers, being hydrophobic [30], prevent water absorption
by the surface molecules of silicone rubber by filling the holes and covering the composite surface.
Like polypropylene, carbon fibers cover the composite surface, effectively preventing water
absorption. However, carbon fibers have the added benefit of absorbing impurities in water and are
therefore used for water purification [31]. Due to the higher density of SR-C compared to SR-PP,
water absorption is lower in the SR-C sample than in the SR-PP sample. Additionally, no surface
microporosity was observed in either the SR-C or SR-PP samples based on microscopic images.

3.4 Mechanical Properties
3.4.1 Tensile

Figure 9 shows the diagram of stress-strain curves. As seen in Figure 9, the tensile strength of the
pure sample is 1.82 MPa, and with the addition of SiO; and TiO;, carbon fibers, and polypropylene
fibers, the tensile strength is 7.31, 4.12, 7.23, and 6.88, respectively. MPa is increased. The most
significant increase in resistance of almost 300% has been obtained by adding SiO2 nanoparticles.
The effect of SiO, nanoparticles in improving resistance is much higher than TiO2 nanoparticles (300%
vs. 126%). Tensile-to-failure measurements were increased in all samples. Due to the increase in
length and resistance, the resistance of the samples has also increased. The highest increase in
elongation to failure has been measured for carbon fiber (with an increase of 2609%). Adding SiO;
nanoparticles increased the tensile strength to failure by 2217%. This increase, along with the
significant increase in resistance, shows that SiO, nanoparticles are a very suitable reinforcement
from a mechanical point of view. Carbon fiber has a very high tensile strength due to the C-C bond,
which increases its tensile strength when added to polymer materials. According to the figure,
tensile strength increased significantly when using carbon fiber.
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Figure 9 Tensile strength of the composite specimens with various fillers.

The tensile strength in the sample was 7.23 MPa, and the elongation at break increased to 2609%.
Also, when using polypropylene fibers as reinforcement, it was observed that the tensile strength
reached 6.88 MPa, and the elongation at break reached 2313%. Due to the existence of fibers, the
interaction between the field and the fibers has increased and helped to improve the tensile
strength. The rubber reinforcement with short fibers includes a combination of the base's elasticity
and the fibers' strength and rigidity, and the strength increases with the addition of fibers.

Figure 10 presents the Young's modulus values for all samples. It is observed that Young's
modulus decreased in all composites when compared to the pure state, which is consistent with the
results obtained by Abdulahi et al. for epoxy resin samples [32]. The decrease in Young's modulus is
attributed to the interaction of nanoparticles with the SR polymer chains, which require more
tension to open and align the chains. The primary strengthening mechanism in rubber-silicone
nanocomposites is attributed to the interactions of the rubber-nanoparticle and nanoparticle-
nanoparticle networks [33]. The interactions between rubber and nanoparticles depend on the
surface structure and activity of the nanoparticles, leading to the formation of a physical network
of rubber nanoparticles, an increase in crosslinking density, or even glassy polymer layers around
the nanoparticle surface [34]. The mechanical properties are also likely enhanced due to the
covalent bonds between silicone rubber and SiO; nanoparticles compared to TiO2 nanoparticles.

[l Elongation (%)
Il Young's Modulus (KPa)|
140

3000

Elongation (%)
Young's Modulus (KPa

SR SR-C SR-P SR-5i02 SR-TiO2
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Figure 10 Young's Modulus and Elongation of the composite specimens with various
fillers.
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The toughness diagram (Figure 11) showed that all the composites exhibited an increase in
toughness. The toughness in SR samples, similar to other mechanical properties, increased with
reinforcements, allowing for a comparison. The highest toughness among the samples was observed
in the SR-C sample, which increased from 7.22 Mj/m3 to 71.65 Mj/m3, while the lowest increase was
associated with the SR-TiO2 sample (24.69 Mj/m3). Among these, both PP and SiO2 reinforcements
significantly contributed to the increase in toughness, with the toughness values of the samples
being 57.92 and 62.96 MJ/m3, respectively.
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Figure 11 Toughness of the composite specimens with various fillers.

Figure 11 indicates that all composite specimens have considerably higher toughness.

Fibers are commonly used as reinforcements in SR composites because they increase tensile
strength and elongation. This property is attributed to the fibers' essential elasticity, strength, and
stiffness [35]. Good adhesion between the SR and reinforcements is confirmed by FTIR analysis,
which indicates a series of chemical reactions such as N-H, C-H, and Si-O [34]. The presence of
agglomerated particles is observed in the SEM images of the fracture surface of the nanocomposites
in Figure 2 and Figure 3. However, the series of holes in these images suggests that there is good
adhesion between the nanoparticles and SR.

3.4.2 Compressive Tests

Figure 12 illustrates the compressive properties of silicone rubber (SR) and its composites at a
strain of 0.5. The pure SR sample exhibits a low compressive strength of 0.65 MPa, significantly
improved by adding nanoparticles and fibers. Among the reinforcements, polypropylene (PP) fibers
have the most excellent effect, increasing the compressive strength to 1.97 MPa. SiO2 nanoparticles
also exhibit a significant impact, increasing the compressive strength to 1.66 MPa, more substantial
than TiO2 nanoparticles (1.12 MPa) and carbon fibers (1.62 MPa).
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Figure 12 Compressive stress-strain curve of the composite specimens with various
fillers.

The increase in compressive strength of the SR-PP composite can be attributed to the transfer of
stress from the matrix to fibers with higher strength and modulus. Furthermore, the Poisson effect
induces tensile force in the lateral direction, making several fibers oriented perpendicular to the
applied pressure. This leads to an increase in compressive stress required for deforming the
composite. In contrast to tensile load, where fibers in the direction of applying force have the most
significant effect on increasing strength, fibers perpendicular to the direction of applied force have
the most significant impact on increasing strength in compression [36].

Nanoparticles in the composites prevent the sliding of polymer chains, thus increasing the
compressive stress in the samples. The fibers and the matrix's strength and stiffness significantly
influence the samples' compressive properties under load. Adding fibers with higher strength
increases the composites' strength due to their superiority over the silicone rubber matrix [37].

Compared to the pure sample, the increase in compressive strength is also attributed to the
decrease in porosity and increase in density observed in all the samples (as shown in Figure 7 and
Figure 8). The presence of hydrogen bonds, including the N-H bond, may also contribute to the
increase in strength, as observed in the FTIR results [38].

3.5 DMTA

This study investigated the dynamic mechanical behavior of silicone rubber and its composites
under ambient conditions. The obtained results are presented in Figures 13 to 15, which illustrate
the variations of storage modulus (E'), loss modulus (E"), and tangent delta (Tand) as functions of
temperature for both the plain silicone rubber and composite specimens.
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Figure 15 Results of DMTA Analysis -The effect of reinforcements on the damping
coefficient.

A transition from the glassy to the rubbery region was observed at low temperatures, leading to
a physical softening of the polymer beyond its glass transition temperature (Tg). During this
transition, large-scale motion was exhibited by the polymer chains, resulting in a decrease in E', but
anincrease in E" and Tané.
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Two distinct transition temperatures, namely, the glass transition temperature and the
crystalline melting temperature (Tm), were exhibited by semi-crystalline materials. With increasing
temperature, more slip was displayed by the chains at Tm, leading to the crystalline melting stage
[39]. As shown in Figure 15, the Tand diagram revealed two distinct peaks, one at -100°C
corresponding to the glass transition temperature and the other at -33°C corresponding to the
crystalline melting temperature.

The dynamic mechanical behavior of silicone rubber and its composites has been investigated to
aid in developing advanced materials with tailored mechanical properties. At the glass transition
temperature, the mechanical properties of materials can be significantly impacted by the inclusion
of nanoparticles and fibers. It has been observed that the presence of these reinforcements results
in a reduction of both the damping and dissipation modulus while the storage modulus increases
[40, 41]. Moreover, the value of Tané slightly shifts towards higher temperatures with the addition
of nanoparticles. These results provide valuable insights into the mechanical behavior of silicone
rubber and its composites, which can benefit the development of new materials with superior
mechanical properties.

It has been observed that the magnitude of change in the storage modulus varies with the type
of reinforcement utilized. The highest and lowest amount of change was exhibited by the SR-C and
SR-Si0; samples, respectively, with their storage moduli increasing from 1.17 GPa to 2.12 and 1.47
GPa [40, 41]. This phenomenon can be attributed to the presence of hydrogen bonds and the
effective dispersion of reinforcements within the matrix, as evidenced by microscopic images [40,
41].

The introduction of reinforcement affects composite materials' glass transition temperature (Tg).
The reinforcements alter the mechanical properties of the composite material. The Tg of composite
materials is generally higher than that of the pure material. The degree of change in Tg varies
depending on the type of reinforcement used. The SR-PP and SR-TiO, samples exhibit the most
significant and least significant changes, respectively. The glass transition temperature of these
samples increased from -103°C to -98.85 and -102.37°C, respectively [41].

The effect of reinforcements on the dissipation modulus of composite materials at the glass
transition temperature was investigated. The dissipation modulus of the composite materials was
lower than that of the pure sample. The SR-SiO, sample exhibited the highest reduction in
dissipation modulus, while the SR-C sample displayed a minor reduction. Regarding loss modulus,
the SR-SiO; and SR-C samples decreased from 0.1885 GPa to 0.15284 and 0.13294 GPa, respectively.
These results provide insight into modifying composite materials' mechanical and thermal
properties by introducing nanoparticles and fibers.

The results demonstrate that adding reinforcements reduces the damping at the glass transition
temperature. The SR-SiO2 sample indicates the highest reduction in damping, while the SR-C sample
shows the lowest reduction. The amount of damping for all samples at the glass transition
temperature is provided in Table 3. Notably, the composite samples' viscoelastic behavior is almost
independent of temperature at the application temperature for the neck disc. This independence
can be attributed to silicone rubber's low glass transition temperature. Specifically, it is revealed in
Figure 13 that no notable changes in the storage and dissipation modulus or damping coefficient
occur at temperatures of approximately -25°C and higher. In conclusion, this study demonstrates
that the viscoelastic properties of composite samples at the glass transition temperature can be
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significantly affected by the addition of reinforcements. These findings hold implications for the
development of enhanced materials for biomedical applications.

Table 3 The Results of DMTA Analysis.

sample SR SR-TiO, SR-SiO2 SR-C SR-PP
Temperature of glass (°C) -103 -102.37 -101.35 -100 -98.85
The amount of damping in Tg 0.165 0.103 0.072 0.091 0.087

Percentage of attenuation changes in Tg
compared to pure state

- -37% -56% -24% -47%

The amount of storage modulus in Tg (GPa) 1.17 1.84 1.46 2.12 1.88
Loss modulus value in Tg (GPa) 0.1885 0.14316 0.13294 0.17397 0.15284
3.6 TGA

Figure 16 and Figure 17 exhibit the TGA and DTG analysis of silicone rubber and composites. The
samples underwent thermal degradation in three stages, including two main and one primary sub-
stage. In the plane sample, a significant reduction in the mass of pure silicone rubber was observed
within the temperature range of 320 to 400°C, which can be attributed to a substantial volume of
degraded monomers [42].

Weight (%)

30 |—sRr-Tio,

T T T T T T
100 200 300 400 500 600 700
Temperature (°C )

Figure 16 Results of TGA- The effect of reinforcements on the weight reduction of the
tested samples due to thermal decomposition.

Page 16/22



Recent Progress in Materials 2024; 6(2), d0i:10.21926/rpm.2402011

0.05

0.00 -
—

-0.05 - /

-0.10 4

-0.15 4

-0.20 4

-0.25

—Ssr
SR-C
|——SR-PP
——SR-Si0,
0.35  ——SsR-TiO,

Rate of Loss Weight (%/°C)

-0.30

T T T T T T
100 200 300 400 500 600 700
Temperature (‘C)

Figure 17 DTG diagram of the composite specimens with various fillers.

The first weight loss stage was observed in all samples within the temperature range of 130 to
260°C, likely due to the evaporation of absorbed moisture and curing agents. The second stage,
occurring within the temperature range of 350 to 520°C, is linked to the destruction of silicone
rubber networks, resulting in methane production during silicone rubber decomposition [25].

Weight loss in the third stage, within the temperature range of 535 to 680°C, is due to the
degradation of small molecular ring siloxane produced during the second stage [3, 43]. The
comparison of the TGA diagram of the pure sample with the samples containing reinforcements
indicates an upward and rightward shift in the diagrams. This shift suggests a rise in the thermal
stability of the composites compared to pure silicone rubber.

The starting temperature of degradation for each sample was recorded, and the results are
presented in Table 4. The SR-C sample exhibited the highest increase in starting temperature, rising
from 590°C to 625°C, while the SR-SiO; sample had the lowest increase, rising to 610°C. The Rmax
values for the SR-C and SR-SiO, samples decreased from 0.35 (%/°C) to 0.099 and 0.105 (%/°C),
respectively. The SR-TiO; sample showed the highest mass reduction, and the SR-C sample had the
lowest. The addition of SiO; nanoparticles led to the creation of SiC covalent bonds, which are more
potent than silicon chain bonds, resulting in increased thermal stability of the composite [8].

Table 4 Weight change of samples at different temperatures.

Sample SR SR-TiO, SR-SiO, SR-C  SR-PP
Ts(°C) 347 370 262 291 295
T10(°C) 410 437 400 410 420
Tas(°C) 444 486 463 468 471
Tmaxa(°C) 498 490 445 432 425
Tmaxa(°C) 590 612 610 625 618
Rmax1(%/°C) -0.23 -0.11  -0.084 -0.089 -0.086
Rmax2(%/°C) 035 -0.24 -0.105 -0.099 -0.101

Weight changes(%) 68 48.3 34.5 32.5 30.37

The addition of TiO, or SiO, nanoparticles to silicone rubber creates a type of defect in the
arrangement of atoms in the polymer molecules, which restricts the mobility of polymer chains and
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results in improved thermal stability of the composite [44]. The absorption of heat by TiO,
nanoparticles and their prevention of the movement of silicone rubber chains at increased
temperatures is attributed to their high thermal conductivity [42]. Additionally, titanium oxide
nanoparticles' sizeable active surface area delays the initial decomposition [42].

Adding these nanoparticles creates chemical connection points between the surface of
nanoparticles and silicone rubber chains, increasing the crosslinking degree of the polymer [45]. This
also leads to the formation of numerous nuclei that enhance the thermal conductivity of materials
[8].

Due to crystal defects and atomic vibrations along polymer chains, silicone rubber's weak thermal
and mechanical properties can be improved by adding reinforcements such as carbon or
polypropylene [46]. The compatibility between fibers and the polymer also reduces weight loss due
to heat [47].

The excellent thermal stability of carbon and its outstanding thermal conductivity facilitate heat
transfer to the composite when added to silicone rubber. The increased thermal conductivity from
adding carbon fiber leads to better heat transfer to the environment [48-51]. By comparing the
residual value of the samples at 700°C, it can be concluded that carbon fiber is the best
reinforcement for increasing the thermal stability of silicone rubber [48]. Its significant effect on
improving the thermal stability of silicone rubber is due to the direct relationship between the
residue and thermal stability.

4. Conclusion

This study aimed to investigate the effects of incorporating different reinforcements on the
properties of silicone rubber. The mechanical properties of silicone rubber, such as compressive and
tensile strength, elongation, and toughness, were enhanced by adding reinforcements. After one
week, the water absorption of the samples reached a stable state. Notably, silicone rubber with
titanium oxide nanoparticles exhibited higher water absorption than other reinforcements.
Furthermore, the thermal properties of silicone rubber were significantly improved. Dynamic
mechanical thermal analysis (DMTA) revealed that silicone rubber and other samples remained
unchanged when exposed to temperatures above -50°C. The incorporation of reinforcements also
improved the thermal stability of silicone rubber. Based on the improved mechanical properties and
toughness, reduced water absorption, and the absence of any significant changes in silicone rubber
and other samples at temperatures above -50°C, it can be concluded that carbon fibers,
polypropylene fibers, and SiO; nanoparticles are suitable for manufacturing neck intervertebral
discs. However, using TiO2 nanoparticles is not recommended for cervical intervertebral discs due
to their potential to increase the water absorption of silicone rubber.

A proposal for the future could involve research and development in the field of utilizing
advanced technologies for implant fabrication using silicone rubber. This includes leveraging
innovative manufacturing technologies and improved materials in production processes.
Furthermore, further research in the design of silicone rubber structures to enhance the mechanical,
thermal, and biological properties of implants could be valuable. Additionally, using advanced
research and testing methods, including computer simulations and advanced imaging techniques,
could improve the accuracy and validation of silicone rubber implants.
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